1976. -Glucose metabolism was stimulated in isolated perfused rat lungs by perfusion with 2,4-dinitrophenol (DNP), an uncoupler of oxidative phosphorylation or phenazine methosulfate (PMS), an artificial hydrogen acceptor. Lungs were ventilated with 95% 02:5% CO, and perfused with Krebs-Ringer bicarbonate buffer pH 7.4 containing 5.5 mM [U-V, 5-"HIglucose for 100 min. In control lungs, 45% of total glucose *-'C was recovered as perfusate lactate plus pyruvate (L+P) and 24% as WO,. Perfusion with 0.8 mM DNP resulted in a 102% increase in '"CO, production and a 98% increase in L+P, associated with a fall in tissue ATP/ADP ratio and decreased incorporation of glucose carbons into lipids. Perfusion with 8 PM PMS resulted in a 116% increase in 'CO2 production but no change in L+P; the lactate-to-pyruvate ratio in the perfusate was reduced to 4 from a control value of 10, and tissue adenine nucleotide levels were unchanged.
In all experiments, '3H was mainly recovered as 3H,0 in the perfusate. These data demonstrate the pattern of response of the isolated lung preparation to uncoupling of oxidative phosphorylation and to alterations in cytoplasmic redox state. The results suggest that the isolated lung preparation is metabolically intact and suitable for study of metabolic control processes. glucose; lactate; pyruvate; CO,; lipids; adenine nucleotides; perfused lung PREVIOUS STUDIES HAVE evaluated the normal pattern of metabolism in the isolated perfused lung (3, 11, 12) . Under control conditions with glucose as a substrate, carbon atoms derived from glucose were converted to lactate, pyruvate, and CO, and incorporated into tissue lipids and proteins. Under these conditions, a high steady-state tissue concentration of ATP was maintained (3). In order to study the metabolic responsiveness of the preparation, lung metabolism was evaluated during anoxia produced with N, or CO ventilation (3). Increased lactate production, decreased CO, production, decreased incorporation of glucose carbon into lipids, and a decrease in lung ATP content during anoxia demonstrated that lung tissue did respond metabolically to inhibition of oxidative metabolism (3). The aim of the present study was to evaluate the responsiveness of the lung to agents that stimulate oxidative metabolism. For this purpose, lungs were perfused with either an uncoupler of oxidative phosphorylation, 2,4-dinitrophenol (DNP), or an artificial hydrogen acceptor, phenazine methosulfate (PMS). DNP has the effect of altering the supply of ATP by stimulation of the mitochondrial ATPase activity associated with its uncoupling action (13). PMS, on the other hand, acts as an acceptor of hydrogen from reduced pyridine nucleotides, which in other tissues has caused a shift of cytoplasmic redox state toward oxidation and an enhanced oxidation of glucose to CO, (7, 9).
These two models of stimulated oxidative metabolism, together with the previous studies with anoxia, provide a framework to evaluate the metabolic responses of the lung to physiological alterations or to toxic insults.
METHODS
Lungs from 180-to 220-g male Sprague-Dawley rats were isolated as previously described and placed in a perfusion chamber maintained at 37°C (2, 3). Lungs were perfused at lo-12 ml/min with a Krebs-Ringer bicarbonate buffer, pH 7.4, containing 3% fatty acid free bovine serum albumin (dialyzed Pentex, Miles Corp.), 5.5 mM glucose, and lo-" U of insulin per milliliter (U-40 Iletin regular, Eli Lilly and Company). The glucose was radioactively labeled with U-14C (sp act 0.1 mCi/ mmol; New England Nuclear Corp.) and 5-"H (sp act 0.1 mCi/mmol; Amersham/Searle). Lungs were ventilated at 60 cycles/min with 95% 02: 5% CO, with a 2-to 2.5-ml tidal volume and an end-expiratory pressure of 2-3 cmH,O. Perfusate samples were taken every 20 min and analyzed for lactate and pyruvate by standard enzymatic techniques (4) and for :jH,O (3). The rate of accumulation of 14C0, in the perfusate and the ventilation gas was measured as previously described (3). Perfusions were terminated after 100 min by freeze clamping the lungs at liquid nitrogen temperature. Tissue extracts were analyzed for adenine nucleotides (14) and for 14C incorporation into lipids after isolation according to Folch et al. (6) . The isolated lipids were saponified by incubation at 90°C for 2 h with 10% KOH in 90% ethanol. The liberated fatty acids were acidified and extracted with ether. The remaining deacylated fraction consisted mainly of glyceride-glycerol but also possibly contained amines and amine alcohols.
The residue from the lipid extraction was washed 3 times with 95% ethanol and solubilized for radioactive analysis by heating in 0.2 N NaOH for 20 min at 85OC. Radioactive incorporation into polysaccharides was measured after separation from the alkaline digest of Preliminary experiments were carried out to determine the optional concentrations of DNP to produce uncoupling of oxidative phosphorylation.
The rate of '"CO, production from [UJ4C]glucose increased progressively with increasing concentrations of DNP up to 0.8 mM (Fig. 1) . Glycolytic activity as estimated by lactate and pyruvate production was unchanged with 0.2 and 0.5 mM DNP but was significantly increased with 0.8 mM DNP (Fig. 1) . Concentrations of DNP above 0.8 mM were associated with decreased CO, production, increased lactate production, markedly elevated lactateto-pyruvate ratios, and alveolar edema indicated by dryto-wet weight ratios below 0.16 and increased pressures required to ventilate and perfuse the lung. Based on these preliminary results, concentrations of 0.2 and 0.8 mM DNP were chosen for more detailed study as models of minimal and maximal uncoupling of oxidative phosphorylation.
Preliminary experiments were also carried out with increasing perfusate concentrations of PMS to determine a suitable concentration for further study. Eight micromoles per liter PMS were chosen, since at higher levels gross alveolar edema appeared within 20 min of perfusion.
Using 0.2 and 0.8 mM DNP and 8 ,uM PMS, linear metabolic rates were observed between 20 and 100 min of perfusion, ventilation and perfusion pressures remained constant, and dry-to-wet weight ratios exceeded 0.16. Electron micrographs were made of lung tissue that was fixed at the end of 1 h of perfusion as previously described (3). One preparation was studied under each experimental condition (control, 0.2 and 0.8 mM DNP, and 8 ,uM PMS) and showed no observable ultrastructural alterations. for the majority of glucose utilized by the lung. Approximately 70% of :{H was recovered in the perfusate :jH,O which is formed in the triose phosphate isomerase and in the enolase reactions of glycolysis (8, 10). The remainder of the "H was recovered in perfusate lactate and the tissue ethanol-insoluble material.
The distribution of recovery of l"C in products of glucose metabolism indicated 24% as 14C02, 45% as lactate plus pyruvate, 7% as tissue lipids, and 25% as the ethanol-insoluble residue (Table 3) . Fractionation of the isolated lipids indicated that 61% of 14C label was recovered in the fatty acid moiety (Fig. 2) . The 14C recovered in the polysaccharide fraction (Fig. 2) accounted for 20% of the label recovered in the ethanol-insoluble fraction (Table 3 ). The remaining 80% of 14C recovered in the ethanol-insoluble material represents other tissue fractions such as protein or nucleic acid.
Perfusion with 2,4dinitrophenol. Perfusion with 0.2 mM DNP resulted in a slight decrease in pyruvate production with no change in lactate production ( Table  1 ). The L/P was not significantly different from the control value. Recovery of "C from [UJ4C]glucose was increased 11% above control, whereas sH recovery was increased 39% (Table 2 ). The observed difference between 14C and "H recoveries would suggest that not all the ldC label was recovered in this case. In these perfusions, there was a 37% increase of 14C0, production (Table 3 ) but no significant changes of 14C incorporation into other products of glucose metabolism. The adenine nucleotide content of lungs perfused with 0.2 mM DNP was not statistically significant from the previously reported control values (Table 4 ) (3). The majority of the nucleotide was found in the form of ATP with a high ATP-to-ADP ratio.
With 0.8 mM DNP in the perfusate, the rate of lactate production and L/P was increased ( Table 1 ). The increase in L/P was small when compared with previously reported values for anoxic lungs (3) and indicates minimal change in cytoplasmic redox state with uncoupling of oxidative phosphorylation. Compared with 0.2 mM DNP, the metabolic changes during perfusion with 0.8 mM DNP were more marked. There was a 75% increase in l'"C, "HIglucose utilization (Table 2) . CO, production was increased by 102% with a twofold increase in 14C recovered in perfusate lactate plus pyruvate (Table 3) . The observed decrease of incorporation of glucose carbons into lipids (Table 3) was accounted for by a 40% decrease of 14C recovered in the fatty acid moiety (Fig.  2) . Although a decrease in 14C incorporation into the ethanol-insoluble fraction was observed (Table 3) , it was not statistically significant when compared with the control value. The incorporation of l*C into polysaccharides (Fig. 2) isolated from the ethanol-insoluble fraction, on the other hand, was depressed significantly. Tissue adenine nucleotide content was altered after perfusion with 0.8 mM DNP (Table 4) . The concentration of ATP was decreased and ADP increased, resulting in a significant decrease of 42% in the ATP/ADP ratio (P < 0.02). The "energy charge" defined by the ratio (ATP + 1/2ADP)/(ATP + ADP + AMP) (1) was also decreased.
Perfusion with phenazine methosulfate. Perfusion with 8 PM PMS caused oxidation of cytoplasmic pyridine nucleotides as indicated by a 63% decrease of the L/P ( Table 1 ). The uptake of glucose was stimulated 70% (Table 2) . CO, production was increased twofold. There was no significant change in the amount of [14C]glucose converted to lactate plus pyruvate (Table 3) , although the ratio of lactate to pyruvate was altered (Table 1 ). Significant increases of ldC incorporation into tissue lipids and the ethanol-insoluble fraction were observed under these condtions (Table 3) . There was a 35% increase of 14C recovered in both the fatty acid and deacyl-ated fractions of the lipids (Fig. 2) . The incorporation into the polysaccharides fraction was also increased (Fig. 2) . Ade nine nucleotide concentrations (Table 4) were not significantly different from control lungs.
DISCUSSION
This study was designed to investigate the metabolic response of the isolated perfused rat lung to two agents that stimulate the oxidation of glucose. A mild stimulation of oxidation was achieved with a low concentration (0.2 mM> of 2,4-dinitrophenol.
Greater increases in glucose oxidation were achieved by perfusion with 0.8 mM DNP which resulted in a marked increase in CO, production, depressed incorporation of glucose carbons into fatty acids, and impairment of the energy status of the lung tissue. These observed increases in CO, production in response to changes in the rate of oxidative phosphorylation demonstrate that the mitochondria of the lung are under respiratory control, i.e., oxygen utilization is coupled to oxidative phosphorylation.
These results further indicate that the mitochondria under normal conditions are operating at less than maximal oxidative capacity. Finally, the increased utilization of glucose with uncoupling of oxidative phosphorylation suggests that the glycolytic pathway readily responds to changes in the ability of the mitochondria to synthesize ATP. Although increased ATP synthesis associated with this enhanced glycolysis would be expected to partially compensate for diminished mitochondrial ATP production, tissue adenine nucleotide content was not maintained at control levels. Decrease in the available ATP possibly explains the decrease of glucose carbon incorporation into fatty acids in the presence of DNP, since previous studies have shown this pathway to be sensitive to depression of the energy state (2, 3).
Perfusion with 8 PM PMS resulted in an increased uptake of glucose with stimulation of oxidation to COI, similar to that observed with 0.8 mM DNP. Although the total lactate plus pyruvate production with PMS was not significantly increased, the perfusate lactate/ pyruvate ratio indicated changes in the cytoplasmic pyridine nucleotides toward oxidation.
This study has not distinguished between CO, derived from the pentose cycle and CO, derived from mitochondrial oxidation, but it is most likely that production from both sources was stimulated by PMS. Increased pentose cycle activity would have resulted from an increased utilization of NADPH due to interaction with PMS (7, 9). The mechanism of mitochondrial stimulation has not precisely been defined but has been observed during incubation of PMS with other tissues (7, 9). The supply of ATP was unimpaired with this concentration of PMS as suggested by normal levels of tissue adenine nucleotides and stimulated rather than depressed lipid synthetic activity.
The observed increased incorporation of glucose carbons into fatty acids could possibly have been a resu It of an increased availability of two carbon fragments. The latter may have resulted from enhanced carbon flux through pyruvate dehydrogenase as a conseSeveral previous studies have demonstrated that the isolated perfused rat lung is a suitable preparation for study of lung intermediary metabolism (2, 3, 11, 12). All these studies have shown the lung to be an active metabolic organ utilizing glucose mainly for the production of lactate, pyruvate, and CO,. Although the pattern of glucose metabolism is similar among these various studies, the reported con sumption of glucose va .ries considerably. The glucose utilization in control lungs measured in this study by isotope recovery in products of metabolism was 36 pmollh per g dry wt. This value is lower than reported in previous studies in which glucose consumption was approximately 60 (11) and 132 pmol/h per g dry wt (12) as measured by disappearance of glucose from the perfusate. The differences may in part be a reflection of the differences ih the methods used to measure glucose consumption. We chose to measure glucose consumption from recovery in products of metabolism because changes in glucose concentration of the perfusate was not sufficient to permit accurate assay. Because labeled soluble tissue intermediates are not recovered by our methods, glucose uptake measured from the recovery of radiolabel-in products at the end of perfusion will underestimate the true rate of glucose utilization.
In addition, a short but finite time is required for initial equilibration of labeled and unlabeled glucose pools. Based on the delay in appearance of :'H,O in the perfusate, and the subsequent linear rate of :jHb,O production in the present experiments, we estimate that the actual rate of glucose utilization could be approxi---mately 10-E% higher than calculated from recovery of 13C. On the other hand, it is important to note that tissue changes resulting in depression or uncoupling of mitochondrial oxidation would increase glucose utilization and lactate production (RESULTS and ref. 3). Findings in the control lungs of the present study indicating relatively low rates of lactate production and glucose utilization combined with high tissue levels of ATP may more accurately reflect the in vivo situation with respect to these metabolic parameters.
In conclusion, this study shows that the isolated perfused lung preparation is metabolically intact and responsive to uncoupling of oxidative phosphorylation and to alteration of the cytoplasmic redox state. The responses of the lung to DNP and PMS are qualitatively similar to those shown in other tissues (7, 13). These results together with the previously reported data with oxidative inhibitors (3) define the magnitu .de of the response of the lung to metabolic perturbations. quence of elevated levels of tissue pyruvate.
